The crystallization of Ni nanoclusters from the gas phase is investigated with the help of molecular dynamics simulations using empirical tightbinding potentials. In these simulations, the condensation of hot liquid droplets from the gas phase is observed which later crystallize and agglomerate. It is shown that agglomeration of crystallized particles is the dominating growth mode and that the shapes of the final particles are similar to the shapes of experimentally grown Ni nanoparticles. In the second part, the evolution of the structure and the morphology of an agglomerated particle during sintering at 600 K and 900 K is studied. While in both cases the original disordered interface between the agglomerated particles vanishes, the shapes of the resulting particles differ considerably due to the different surface diffusion rate.
INTRODUCTION
Nanoparticles are an integral part of nanotechnologies -e.g., the powder from nanoparticles represents the basis of many modern materials, such as ceramic materials (nanocomposites), as well as new electric and magnetic sensors. The study of the properties of small metal particles from hundreds and thousands of atoms is of fundamental importance due to their applications in catalysis and fabrication of nanostructures [Edelstein and Cammarata (1996) ; Jensen (1999) ; Moriarty (2001) ]. Compared to other compact objects, nanoparticles are characterized by a considerable reduction of their sizes (well below 100 nm) in all three spatial dimensions. This fact is frequently interpreted as a reduction of the dimensionality from 3d to 0d. The small sizes of nanoclusters lead to high surface to volume ratios, which in turn may give the clusters new and very interesting physical and chemical properties, which are not observed in ordinary solids. Experimentally, it has been found that the properties of nanomaterials depend substantially on the properties of the particles they are comprised of. It is for this reason that understanding the processes governing the formation and the structural properties of nanoparticles is an important step on the way to a controlled growth of low dimensional structures.
Over the past decades, the size dependence of the structure of metallic nanoparticles has been investigated in numerous experimental and theoretical studies. Computer simulations have shown in agreement with experiments that small metal clusters can exhibit various structural modifications not present in the corresponding bulk materials. In the case of fcc metals, for example, fivefold symmetric structures like icosahedra (Ih) and decahedra (Dh) are regularly observed in experiments [see e.g. Ino (1966) ; Hall et al. (1991) ; Reinhard et al. (1997a,b) ; Rellinghaus et al. (2004) or the review of Marks (1994) ]. Computer simulations have indeed shown that for clusters with diameters of a few nanometers these are the energetically preferred structures [e.g. Cleveland and Landman (1991); Cleveland et al. (1997) ; Baletto et al. (2000 Baletto et al. ( , 2001 ; Nam et al. (2002) ]. Experiments, however, yield in general mixtures of structures with the relative abundance of the structures depending strongly on the experimental details. As pointed out by Marks (1994) , this reflects the fact that the structure of the clusters depends on thermodynamic as well as kinetic factors.
The subject of this article is the investigation of the structural properties of nanoparticles condensated from the gas phase with molecular-dynamics simulations. In the first part of our work, we follow the evolution of a hot gas of atoms into a system of nanometer-sized agglomerated nanoparticles, similar to the works of Krasnechtchekov et al. (2003) and Luemmen and Kraska (2004) . It is shown that the structures of the particles obtained from these simulations compare well with experimentally produced particles. In the second part, we focus on the sintering of agglomerated particles. In particular, we study the influence of the sintering temperature on the development of the structure and morphology of the sintered particle.
COMPUTER MODEL
The simulations described in this article were performed using an empirical tight-binding potential for Ni [Cleri and Rosato (1993) ] for the calculation of the interatomic forces. Although more complicated models like ab-initio methods are more realistic, we had to rely on a computationally simple and efficient model in order to simulate systems with some thousands atoms over periods of several nanoseconds. Even with modern computer systems this would be an impossible task to do with ab-inito methods. Moreover, the potentials given by Cleri and Rosato (1993) have been successfully applied in a number of studies concerning clusters (see e.g. [López et al. (1995) ; Celino et al. (1996) [Allen and Tildesley (1991) ] with a time step of h = 2 fs was employed.
The general idea behind our simulations of the condensation of nanoparticles from the gas phase was to mimic as close as possible the process of the formation of primordial particles from a supersaturated metal vapor in an inert gas condensation cluster source. Starting point of our simulation of the condensation of nanoparticles from the gas phase was a configuration consisting of 8000 Ni atoms arranged on a perfect simple cubic lattice with a lattice constant of 15 a B in a cubic simulation box with periodic boundary conditions. The choice of a simple cubic lattice as the starting point for the simulation of a gas may seem artificial. However, since the distance between the atoms on the lattice is much larger than the cutoff radius r c = 11.1 a B of the employed potential, and since the initial velocities of the particles were chosen randomly according to the Maxwell-Boltzmann distribution at the initial temperature T i = 700 K, the system lost its memory of the initial configuration very soon. This decrease of the correlations induced by the initial configuration was further enhanced by the fact that during the initial phase of the simulations, the temperature increased strongly as clusters started to form and the released binding energy was transformed into kinetic energy. During the course of the simulation, we employed the Andersen-thermostat method [Andersen (1980) ] in order to remove the excess energy from the system. In this stochastic method, the simulated particles undergo collisions with virtual particles at random intervals. The effect of these collisions is that the velocity of the real particle is set to a random value drawn from a Maxwell-Boltzmann distribution at a predefined temperature. In our case, these collisions may be thought to mimic the effect of the inert gas atmosphere present in real cluster sources. Using this method with a per a particle collision rate u = 0.1ps −1 , we cooled our system to the final temperature T f = 77 K.
In the second part of our work, we study the development of the structure and morphology of agglomerated particles during sintering. To this end, we isolated one freshly agglomerated particle from a simulation of the condensation of nanoparticles very similar to the one described above. The isolated particle was then simulated at T = 600 K and 900 K over a period of 3 ns (1.5 million simulation steps). As in the first part of our work, the Andersenthermostat method was employed to obtain the desired temperatures with a slightly smaller collision u = 0.025 ps −1 .
EXPERIMENTAL PROCEDURE
In section 4 we compare experimentally produced Ni nanoparticles with the results of the computer simulations described in the previous section. The experimental Ni nanoparticles were prepared by a DC sputtering process in argon. In order to prevent the particles from oxidation, a preparation chamber meeting ultra high vacuum standards was used. After baking, the base pressure in the chamber was p base = 10 −9 mbar and the oxygen partial pressure was as low as p ox = 10 −12 mbar. We used 99.999 % pure argon that passed a two-stage purifying system consisting of an oil filter and an oxygen getter which reduced the O 2 concentration to less than 50 ppb before it was fed to the gas inlet of the sputter gun (type AJA A320). Prior to the particle preparation the nickel target (99.99 %) was pre-sputtered for 15-20 minutes at a pressure of p pre = 10 −3 mbar, a DC power of P DC,pre = 50 W and a reduced Ar flow rate of r Ar,pre = 0.2 sccm/min to clean the surface from any spurious oxide layers or contaminations. During the particle preparation the pressure and DC power were varied between 100 W ≤ P DC ≤ 250 W and 0.3 mbar ≤ p prep ≤ 0.9 mbar, respectively, while the Ar flow rate was adjusted to r Ar = 10 sccm/min.
The Ni nanoparticles resulting from the sputtering process were then transported by the Ar flow along a sintering tube where they were sintered at a temperature of T S = 1073 K. The total length of the sintering route was l tot = 135 cm while the length of the heated zone was l heat = 60 cm. After having passed the sintering tube, the particles were deposited onto amorphous carbon films supported by copper grids suitable for ex-situ morphological and structural investigations using high resolution transmission electron microscopy (HRTEM).
RESULTS
During our simulation of the condensation of nanoparticles from the gas phase, snapshots of the system were saved at intervals of 10 ps. Apart from a visual inspection of the simulation, these snapshots allowed us to perform two types of analyses: a cluster-analysis, giving us the number and sizes of clusters in the system, and a common-neighbor analysis (CNA) [Honeycutt and Andersen (1987) ], providing us with information about the crystalline state of the clusters.
With the help of the analysis of the snapshots made during the simulation, we identified four different stages of the system as it evolves from a gas of atoms into a small number of agglomerated nanoparticles. These stages are exemplified in Fig. 1 and will be further explained in the following. As stated in the previous section, the release of the binding energy during the initial formation of dimers and small clusters leads to a dramatic increase of the temperature up to a maximum value of T = 4700 K. During this initial phase the system is best described as a hot gas of metal atoms as shown in Fig. 1(a) . As the effect of the Andersen-thermostat cooled the system down, the Ni atoms began to condensate into hot liquid droplets. At t=50 ps after the beginning of the simulation, the temperature had dropped down to T = 1900 K, and practically all atoms had condensated into such liquid clusters [c.f. Fig.1(b) ]. The biggest cluster in Fig. 1(b) contains 301 atoms, and 67 % of the atoms are stored in clusters of more than 100 atoms. Although many clusters coagulated during this stage, it makes no sense to speak about agglomeration since liquid clusters which collide lose any memory of their previous state immediately. Fig. 1(c) shows the system at t = 500 ps when the temperature had dropped to the final temperature of T = 77 K, the liquid clusters have all crystallized into nearly spherical primary particles and agglomeration has set in. At this time, most of the smaller clusters have vanished, and 90 % of the atoms are now stored in clusters of more than 100 atoms, while the biggest cluster contains no more than 508 atoms. In the final stage of the simulation, most of the primary particles have agglomerated to form larger non-spherical clusters as shown in Fig. 1(d) . The sizes of the remaining 15 particles in this figure range from 130 to 2008 atoms.
Some of the agglomerated particles resulting from our simulation show a peculiar elongated worm-like structure. The best example for this is the large particle in the center of Fig. 1(d) which is the largest particle in the box. In order to get a better understanding of the formation of this cluster, we extracted from the simulation snapshots the collision events that lead to the formation of this particle. The resulting history of the particle is shown in Fig. 2 . The final particle was formed at t = 4.4 ns when a Ni 797 particle merged with a Ni 1211 particle. The latter particle in turn resulted from the agglomeration of two particles containing 527 and 684 atoms, respectively, and so on. In total we found that the final 2008 atom particle is the result of the agglomeration of ten individual primary particles with typical sizes in the range 1.5 -2 nm. Note that the negative creation times of the primary Figure 2: History of the Collision events leading to the formation of the largest particle in Fig. 1 . See text for details. particles in Fig. 3 do not mean that the particles were created before the beginning of the simulation. The negative times were only chosen for the purposes of this figure since on the one hand the exact times when the particles crystallized are unknown and since on the other hand the bottom part of the figure is already considerably crowded. Small differences between the sizes of combining clusters and the size of resulting particle in Fig. 2 are due to collisions of the particles with individual atoms or small groups of six or less atoms which were excluded from the analysis. In Fig. 3 , we show several stages of the growth of the 2008 atom particle already discussed in the previous paragraph. In addition to an example of the primary particles the cluster is comprised of, we present in this figure the intermediate Ni 1211 particle just after its creation at t = 2.9 ns, as well as before its agglomeration with a Ni 797 particle at t = 4.4 ns, and the final particle at the end of the simulation at t = 5 ns. It can be seen that the primary particle that emerged from the crystallization of liquid droplet has a nearly spherical, slightly faceted shape. In contrast to this, the agglomerated particles are strongly faceted. Finally, Fig. 3(c) and (d) demonstrate very well that the worm-like structure of the particle consists of a sequence of well ordered crystalline segments. It is also noteworthy that the CNA analysis revealed a multiply twinned structure of the particle with fivefold symmetric axes similar to the findings of Krasnechtchekov et al. (2003) . Finally, we want to compare the results of our simulations with corresponding experimental findings. To this end, we present in Fig. 4 transmission electron microscopy images of two real Ni nanoparticles condensated from the gas phase with the methods described in section 3. Despite the facts that, prior to their deposition, these particles were sintered at high temperatures and that they are roughly 10 times larger than their simulated counterparts, the resemblance between the shape of these particles and the simulation results is striking. In particular, the same segmented worm-like structure shown in Fig. 3(c) and (d) is found in the experimental images.
In the second part of our work we studied the structure of an agglomer- Figure 4 : Transmission electron microscopy images of Ni nanoparticles condensated from the gas phase and sintered at T S = 1073 K.
ated particle during sintering at temperatures of 600 K and 900 K. As stated in section 2, we used an agglomerated particle obtained from a simulation similar to that described above as the starting point of these simulations. This particle, which contains 1816 atoms, is shown in the upper panels of Fig. 5 together with the two primary particles of which it is comprised shortly before their agglomeration (middle and lower panels of Fig. 5 ). The panels on the left-hand side of Fig. 5 show the complete particles, whereas in the panels on the right-hand side, the particles are drawn without the atoms with a coordination Z = 12. Since the removal of imperfectly coordinated atoms removes the surface of the particles, the panels on the right-hand side give insight into the crystalline structure inside the particles. The colors of the atoms in Fig. 5 denote the result of a CNA analysis [Honeycutt and Andersen (1987) ] as follows: atoms drawn in blue (green) have a local crystalline fcc (hcp) environment; yellow atoms have no identified structure, however their coordination number is Z = 12. Atoms with coordination numbers Z = 12 are drawn in red. From the four lower panels of Fig. 5 it can be seen that, before their agglomeration, the two primary particles had a nearly spherical, faceted shape and a well ordered closed-packed structure with fcc and hcp parts. The imperfectly ordered, yellow atoms visible in panels (d) and (f) are related to the surface. The interior of the particles contains fcc and hcp atoms, only. Figure 5(b) shows that the crystalline order of the primary particles was preserved to a large extend during the agglomeration. However, the lattice structures of the two particles are strongly misaligned after the agglomeration and a disordered sintering neck (yellow atoms) has formed at the interface between the particles. The neck also shows up in the form of a constriction in Fig. 5(a) . In Fig. 6 we present the particles resulting from the sintering of the particle shown in Fig. 5(a,b) at temperatures of 600 K and 900 K over a period of 3 ns. The color-coding of the figure is the same as in Fig. 5 and again, the complete particles are shown on the left-hand side, while the right-hand side panels show the particles without all atoms with coordination numbers Z = 12. From the right-hand side of Fig. 6 it is immediately clear that at both temperatures the disordered neck has vanished during the sintering and the resulting particles have a regular close-packed structure. Comparison with Fig. 5(d) and (f) shows that the stacking sequence of the sintered particles is determined by that of the larger primary particle. While the structure of the two particles in Fig. 6 is quite similar, their morphologies are considerably different. The particle sintered at T = 600 K shown in the upper two panels of Fig. 6 has a pronounced constriction originating from the interface between the original primary particles. In contrast to this, the particle sintered at T = 900 K shows no remains of the interface and has a regular elliptical shape.
SUMMARY AND DISCUSSIONS
We have reported on a simulation of the condensation of Ni nanoparticles from the gas phase. We observed the condensation of liquid droplets from a hot dense gas which subsequently crystallized into nanometer sized primary particles and finally agglomerated into larger units. Taking the largest of the final particles as an example, we have shown how this particle resulted from the agglomeration of ten primary particles. From the facts that these ten particles represent 99 % of the mass of the final particle and that the final particle contains one quarter of the total mass of the system we conclude that agglomeration is the dominating growth mode under the conditions of our simulation, while the effect of layer by layer growth -i.e. the pickup of individual atoms after the crystallization -is negligible. During the agglomeration, the shape of the primary particles was considerably altered. This is insofar surprising as most of the agglomeration events happened at low temperatures, where diffusion is almost blocked. The alteration of the cluster structures was probably made possible by the binding energy released during cluster collisions, which temporarily increased the particles temperature.
A comparison of transmission electron microscopy images of experimentally grown Ni nanoparticles reveals a remarkable resemblance of the shape of these particles with that of the particles resulting from our simulations. Although the experimentally produced particles are roughly one order of magnitude larger than their simulated counterparts, this is an important indication that molecular-dynamics simulations of the kind we have performed are able to model the formation processes of nanoparticles in a realistic manner. Moreover, the structure and shape of the particles resulting from our simulations compare well with the results obtained by Krasnechtchekov et al. (2003) in their simulations of the condensation of copper particles. The particle sizes of the latter work, are also larger than in our simulations. The reason for this is probably a reduced cooling rate (compared to our work) due to a different cooling mechanism.
It is clear that the results of our simulations, in particular the particle sizes, depend strongly on the choice of several parameters. The most important parameters are the density of the system and the cooling rate, which is determined by the collision rate of the Andersen-thermostat. A reduction of the cooling rate delays the crystallization of the particles and thereby leads to larger primary particles. A reduction of the density of the initial gas, on the other hand results in a reduced collision rate between the particles and therefore reduces the size of the primary particles and delays agglomeration. We have checked that these effects are indeed present in our model in a number of similar simulations not detailed in this work.
The most unrealistic aspect of our simulation of nanoparticle condensation is the small particle size caused by a much too high cooling rate. Lower cooling rates, however, require considerably higher computational efforts since both, the number of atoms in the system as well as the simulation time have to be increased accordingly. Although such simulations can be performed, we preferred to explore the parameter space and the possibilities of this type of simulation in detail with the more modest computational costs of simulations like the one described in the present work. Our successful comparison of the computer generated nanoparticles with real experimentally grown Ni particles shows that the most important physical processes of the cluster growth are already included in our simulations. For the near future, we are planning to perform simulations with considerably larger particle sizes using a more realistic cooling mechanism that explicitly includes the effect of the carrier gas.
In the second part of our work, we have studied the evolution of structure and morphology of an agglomerated particle during sintering at temperatures of T = 600 K and 900 K. At both temperatures, the originally present disordered interface between the agglomerated particles vanished and the resulting particles have a well-ordered closed-packed structure. At 600 K, however, the constriction at the interface remained giving the final particle a typical necked shape, whereas the particle sintered at T = 900 K has an elliptical shape with no relicts of the interface. This difference can be explained by increase of the surface diffusion rate with increasing temperature which accelerates the mass transport necessary to eliminate the constriction at the interface.
